Introduction
============

Major depressive disorder (MDD) is a common psychiatric disorder in clinical practice, which is associated with enormous public health costs and morbidity.[@b1-ndt-12-2859],[@b2-ndt-12-2859] The clinical characteristics of MDD include low self-esteem, loss of interest in previously interesting activities, and changes in appetite.[@b3-ndt-12-2859] By 2020, MDD is estimated to become the second largest cause of disability. However, there are still no objective laboratory tests to help clinicians in the diagnosis of MDD, although many studies have been done to develop these tests.[@b4-ndt-12-2859]--[@b6-ndt-12-2859] Our group has conducted many studies for identifying potential biomarkers for MDD diagnosis using metabolomics,[@b7-ndt-12-2859]--[@b9-ndt-12-2859] which is used to identify novel biomarkers for various disease states.[@b10-ndt-12-2859]--[@b12-ndt-12-2859] Another dilemma about the prevention and treatment of MDD is that no existing antidepressants could treat MDD patients with 100% response rate. Nowadays, worldwide, about 33% MDD patients do not respond to the existing antidepressants.[@b13-ndt-12-2859] Therefore, many novel treatments have been developed to treat MDD, such as electroconvulsive therapy and transcranial magnetic stimulation.[@b14-ndt-12-2859]--[@b17-ndt-12-2859]

Currently, due to the rapid action of ketamine in treating MDD, it has obtained great interest. Ketamine is a medication mainly used for starting and maintaining anesthesia, but recently, new insights have been gained into its potential antidepressive effects. As an *N*-methyl-[d]{.smallcaps}-aspartate receptor antagonist, effects of ketamine on mood disorders have been studied in many clinical studies.[@b18-ndt-12-2859],[@b19-ndt-12-2859] A systematic review reported that ketamine might be used as a valid and intriguing antidepressant option for treatment-resistant depression (TRD).[@b20-ndt-12-2859] Another systematic review reported that a single infusion of ketamine could yield ultra-rapid efficacy for MDD.[@b21-ndt-12-2859] A meta-analysis published in 2015 found that ketamine has a rapid antidepressive action in unipolar disorder.[@b22-ndt-12-2859] But in this meta-analysis, databases were searched for articles published only up to December 2013 and only four studies were included. Recently, some high-quality randomized controlled trials (RCTs) on the treatment of MDD with ketamine have been published.[@b23-ndt-12-2859],[@b24-ndt-12-2859] Therefore, there is an urgent need for additional meta-analysis to aid clinicians in establishing an optimal treatment method.

Methods
=======

Study selection
---------------

The first step of this meta-analysis was to identify eligible trials. Electronic searches were performed in international databases (PubMed, CCTR, Web of Science, and Embase), two Chinese databases (CBM-disc and CNKI), and relevant websites for articles published up to April 2016. The search terms used were "depress\*" and "ketamine". In order to mitigate language bias, no language restriction was imposed. Reference documents listed in relevant papers, conference summaries, and the International Clinical Trials Registry Platform were also researched.

We selected studies for subsequent analysis according to the following inclusion criteria: i) randomized, double-blind, placebo-controlled studies comparing ketamine and placebo (active or not); ii) MDD patients aged \>18 years; iii) provided informed consent; and iv) mood assessed by Hamilton Depression Rating Scale (HDRS), Montgomery--Åsberg Depression Rating Scale (MADRS), or Clinical Global Impression (CGI). Meanwhile, studies were excluded based on the following criteria: i) no control group; ii) patients with "narrow" or secondary depression diagnoses (eg, postpartum depression and vascular depression); iii) case reports and reviews; and iv) duplicate studies.

Outcome measures
----------------

Response rate was chosen as a primary outcome, being the most consistently reported estimates of acute treatment efficacy.[@b25-ndt-12-2859],[@b26-ndt-12-2859] Remission rate was also analyzed, as it was arguably more clinically relevant than response rate.[@b27-ndt-12-2859],[@b28-ndt-12-2859] We defined response as at least a 50% reduction in the absolute HDRS or MADRS score from baseline, or significant improvement in the CGI, at the conclusion of therapy.[@b28-ndt-12-2859],[@b29-ndt-12-2859] When trials reported results from all three rating scales, HDRS was preferentially selected. Three treatment time points were chosen (24 and 72 h, and day 7) to assess the rapid antidepressive effect of ketamine.

Data extraction
---------------

Two reviewers extracted data independently using the aforementioned inclusion and exclusion criteria. For data that could not be directly retrieved, additional information was retrieved through correspondence with the primary author. Any disagreement was resolved by consensus and, if needed, a third reviewer was consulted. Data retrieved from the RCTs included the first author, the year of publication, country of origin, study design, participant characteristics, therapy period, and outcomes (response and remission rates).

Statistical analysis
--------------------

The summary odds ratio (OR) and 95% confidence interval (CI) were used as the effect parameters for this meta-analysis. Heterogeneity was assessed using the chi-square test (*P*≤0.10) and *I* squared index (*I*^2^\>50%).[@b30-ndt-12-2859] The Mantel--Haenszel random effects model was chosen, as it was assumed that the included studies probably had varying true treatment effects.[@b31-ndt-12-2859] The weighting of each study was mainly performed according to the number of patients in each included trials. To perform a clinically sound analysis, a worst-case scenario analysis of dropouts was used, under the assumption that all such patients did not respond to treatment.[@b26-ndt-12-2859] The potential presence of publication bias could not be accurately assessed using the funnel plot because \<10 studies were included; then Egger's test was conducted.[@b32-ndt-12-2859] The protocol of the systemic review followed the recommendations for conducting a meta-analysis. We used RevMan5 software (Cochrane Information Management System) to perform meta-analysis. All tests here about outcomes were two-sided, with statistical significance set to *P*\<0.05.

Results
=======

Literature search
-----------------

The initial Internet search yielded 169 potentially relevant studies. After excluding duplicates, 157 studies remained. Among these studies, 142 studies were excluded by reviewing the titles and abstracts. Among the remaining 15 studies, six were excluded after two reviewers independently examined the full texts due to the following reasons: no control group; part of the recruited patients had other psychiatry disorders; using ketamine first for all patients, and then assigning the patients to different groups to study other treatment methods. At last, nine studies met the aforementioned inclusion/exclusion criteria and were used to perform meta-analysis[@b23-ndt-12-2859],[@b24-ndt-12-2859],[@b33-ndt-12-2859]--[@b39-ndt-12-2859] ([Figure 1](#f1-ndt-12-2859){ref-type="fig"}).

Characteristics of included RCTs
--------------------------------

In this study, nine included studies (100%) conducted allocation concealment, and the baseline characteristics were matched in all studies. Moreover, blinding was very difficult in the clinical trials, but all studies here blinded the outcome assessment. Therefore, all studies in this study were considered to be of consistently high quality. Totally, nine studies contained 368 adult patients with MDD. Part of included patients had various degrees of TRD. In the intervention group, patients from eight studies received 0.5 mg/kg ketamine through intravenous infusions,[@b23-ndt-12-2859],[@b24-ndt-12-2859],[@b33-ndt-12-2859]--[@b38-ndt-12-2859] and patients from one study received 0.54 mg/kg ketamine.[@b39-ndt-12-2859] Six studies were from the US,[@b23-ndt-12-2859],[@b33-ndt-12-2859]--[@b37-ndt-12-2859] one was from the Czech Republic,[@b39-ndt-12-2859] and two were from the People's Republic of China.[@b24-ndt-12-2859],[@b38-ndt-12-2859] Two studies used active placebo (electroconvulsive therapy and midazolam).[@b34-ndt-12-2859],[@b36-ndt-12-2859] The main characteristics of included RCTs are described in [Tables 1](#t1-ndt-12-2859){ref-type="table"} and [2](#t2-ndt-12-2859){ref-type="table"}.

Time point at 24 h
------------------

Response rate at this time point was available for eight RCTs ([Figure 2A](#f2-ndt-12-2859){ref-type="fig"}). Overall, 84 of 161 (52.2%) and 11 of 140 patients (7.8%) receiving ketamine and placebo, respectively, were classified as responders. The pooled OR was 10.09 (95% CI: 4.96--20.52, *z*=6.38, *P*\<0.00001), indicating a significantly higher efficacy of ketamine than placebo in achieving response 1 day after the treatment. Heterogeneity was very low (*I*^2^=0%, *P*=0.57). Egger's test showed that the outcome was not significantly influenced by publication bias.

Remission rate at this time point was available for six RCTs ([Figure 2B](#f2-ndt-12-2859){ref-type="fig"}). Overall, 26 of 126 (20.6%) and 3 of 105 patients (2.8%) receiving ketamine and placebo, respectively, met the remission criteria. The pooled OR was 5.25 (95% CI: 1.82--15.17, *z*=3.06, *P*=0.002), indicating a significantly higher efficacy of ketamine than placebo on achieving remission 1 day after the treatment. Heterogeneity was very low (*I*^2^=0%, *P*=0.94).

Time point at 72 h
------------------

Response rate at this time point was available for nine RCTs ([Figure 3A](#f3-ndt-12-2859){ref-type="fig"}). Overall, 94 of 196 (47.9%) and 23 of 172 patients (13.4%) receiving ketamine and placebo, respectively, were classified as responders. The pooled OR was 7.42 (95% CI: 3.97--13.88 *z*=6.27, *P*\<0.00001), indicating a significantly higher efficacy of ketamine than placebo on achieving response 3 days after the treatment. Heterogeneity was very low (*I*^2^=0%, *P*=0.90). Egger's test showed that the outcome was not significantly influenced by publication bias.

Remission rate at this time point was available for six RCTs ([Figure 3B](#f3-ndt-12-2859){ref-type="fig"}). Overall, 30 of 126 (23.8%) and 5 of 105 patients (4.7%) receiving ketamine and placebo, respectively, met the remission criteria. The pooled OR was 4.04 (95% CI: 1.66--9.85, *z*=3.07, *P*=0.002), indicating a significantly higher efficacy of ketamine than placebo on achieving remission 3 days after the treatment. Heterogeneity was very low (*I*^2^=0%, *P*=0.88).

Time point at day 7
-------------------

Response rate at this time point was available for nine RCTs ([Figure 4A](#f4-ndt-12-2859){ref-type="fig"}). Overall, 78 of 196 (39.8%) and 23 of 172 patients (13.4%) receiving ketamine and placebo, respectively, were classified as responders. The pooled OR was 5.66 (95% CI: 2.92--10.97, *z*=5.13, *P*\<0.00001), indicating a significantly higher efficacy of ketamine than placebo in achieving response 7 days after the treatment. Heterogeneity was very low (*I*^2^=0%, *P*=0.90). Egger's test showed that the outcome was not significantly influenced by publication bias.

Remission rate at this time point was available for six RCTs ([Figure 4B](#f4-ndt-12-2859){ref-type="fig"}). Overall, 33 of 126 (26.2%) and 5 of 105 patients (4.7%) receiving ketamine and placebo, respectively, met the remission criteria. The pooled OR was 4.60 (95% CI: 1.88--11.26, *z*=3.34, *P*=0.0008), indicating a significantly higher efficacy of ketamine than placebo in achieving remission 7 days after the treatment. Heterogeneity was very low (*I*^2^=0%, *P*=0.96).

Subgroup analysis
-----------------

Among the included studies, there were four crossover studies. Then, we conducted this subgroup analysis according to the type of included studies. The pooled analysis of the four crossover studies showed that the effect sizes on response rate were 16.21, 7.19, and 5.13 at 24 and 72 h, and day 7, respectively; the effect sizes on remission rate were 5.78, 5.55, and 7.74 at 24 and 72 h, and day 7, respectively. The pooled analysis of the other five studies showed that the effect sizes on response rate were 9.36, 7.59, and 5.96 at 24 and 72 h, and day 7, respectively; the effect sizes on remission rate were 5.00, 3.50, and 3.87 at 24 and 72 h, and day 7, respectively. These results were similar to the results from the meta-analysis of nine included studies.

Discussion
==========

In this meta-analysis of nine randomized, double-blind, placebo-controlled studies of intravenous ketamine for MDD patients, we examined the rapid efficacy of ketamine by including more and newer high-quality studies than a previous meta-analysis.[@b22-ndt-12-2859] In the pooling analysis of these included studies, ketamine infusion was found to be significantly superior to placebo (active or not) in the acute treatment phase. The significantly higher response and remission rates started as early as day 1, and lasted until days 3 and 7. The effect sizes on response rate were 10.09, 7.42, and 5.66 at 24 and 72 h, and day 7, respectively. The effect sizes on remission rate were 5.25, 4.04, and 4.60 at 24 and 72 h, and day 7, respectively. The response rates for current and widely prescribed antidepressants were different, which might have been caused by the different treatment times. These phenomena also indicated the usefulness of ketamine in the acute treatment of patients with MDD. Furthermore, all these findings were homogeneous throughout. Meanwhile, we found that the infusion of ketamine was well tolerated, because there were no serious adverse effects reported in the ketamine group. Additionally, as more than one-half of patients included in our meta-analysis had TRD, our study also indicated that ketamine might be a good choice in the acute treatment phase for TRD patients.

In our study, we have included almost all relevant randomized, double-blind, placebo-controlled studies. However, there might be some studies missing because they were published in journals that were not indexed by international databases. Fortunately, such studies are likely to be of low quality and would not significantly affect the conclusion of our review.[@b40-ndt-12-2859] Additionally, there were two studies that could not provide complete data.[@b41-ndt-12-2859],[@b42-ndt-12-2859] Despite our best efforts, such as sending email/fax to all authors and searching other related references, complete data were still not obtained. However, those two studies reported that ketamine was associated with a higher response rate. Therefore, the missing data of these two studies would not significantly affect the conclusion of this review.

A previous study reported that ketamine was associated with impairment of working, episodic, and procedural memory function,[@b43-ndt-12-2859] and long-term ketamine abuse could result in persistent neurocognitive impairments[@b44-ndt-12-2859] and even potential harmful brain changes.[@b45-ndt-12-2859] Although our study indicated that ketamine might have rapid antidepressant effects in patients with TRD, its impact on the neurocognitive function of patients with TRD has been assessed by only few studies to date. Murrough et al reported circumscribed memory impairment immediately following ketamine administration.[@b46-ndt-12-2859] But Shiroma et al investigated the neurocognitive effects of ketamine in patients with TRD and found no evidence of impairment.[@b47-ndt-12-2859] Moreover, a recent preclinical study has identified a ketamine metabolite that could act via an *N*-methyl-[d]{.smallcaps}-aspartate receptor-independent mechanism to produce rapid antidepressant-like effects, but without ketamine's side effects.[@b48-ndt-12-2859]

Currently, the mechanism of ketamine in treating MDD is still unclear. A study reported that ketamine could induce the neuroplasticity-related processes to produce antidepressant efficacy.[@b49-ndt-12-2859] An animal study reported that ketamine might represent the rapid neuroplastic modulator medications, which could lead to the increased synaptic signaling proteins and the increased number of new spine synapses in prefrontal cortex of rats.[@b50-ndt-12-2859] Hayley and Litteljohn suggested that ketamine could modify the connectivity of diverse cortical circuitry, which plays an important role in determining the key depressive symptoms.[@b51-ndt-12-2859] Also, it has been reported that ketamine could strengthen the appropriate emotional neural connections, and enhance the synaptogenesis in brain areas affected by the stress-related processes.[@b20-ndt-12-2859]

Limitations
===========

This study had some limitations. First, the number of included patients with MDD was relatively small. Second, the comparative efficacy of ketamine and placebo was assessed only in studies with treatment durations of 1--7 days. Thus, mid- and long-term antidepressant effects of ketamine could not be examined here. Third, we were not able to assess in our review whether repeated ketamine infusion could cause ketamine tolerance or not, and also the psychotomimetic side effects were not assessed. Finally, the dose of ketamine administered in eight of nine studies was 0.5 mg/kg; however, the best dose of ketamine was not studied here.

In conclusion, by pooling analysis of nine randomized, double-blind, placebo-controlled studies, we found that ketamine was effective in the rapid treatment of MDD with a response rate of 39.8%--52.2% and a remission rate of 20.6%--26.2%. Our meta-analysis provided powerful evidence that the effectiveness of ketamine was significantly better than placebo. While these results are very highly encouraging, several questions still need to be investigated in future large-scale clinical studies about the mid- and long-term antidepressant effects, best dose, and ketamine tolerance.
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###### 

Characteristics of patients in included studies

  Study                              F/M     Age (years)   Scale          Scale score   Response criteria   Remission criteria   TR
  ---------------------------------- ------- ------------- -------------- ------------- ------------------- -------------------- ------------------------------------------------
  Zarate et al[@b35-ndt-12-2859]     12/6    18--65        21-item HDRS   ≥18           \>50% reduction     HDRS ≤7              Yes[a](#tfn1-ndt-12-2859){ref-type="table-fn"}
  Murrough et al[@b34-ndt-12-2859]   37/35   21--80        MADRS          NA            \>50% reduction     HDRS ≤7              Yes[a](#tfn1-ndt-12-2859){ref-type="table-fn"}
  Berman et al[@b33-ndt-12-2859]     5/4     23--56        25-item HDRS   NA            \>50% reduction     HDRS ≤7              No
  Lapidus et al[@b37-ndt-12-2859]    10/10   21--65        MADRS          NA            \>50% reduction     MADRS ≤10            Yes[b](#tfn2-ndt-12-2859){ref-type="table-fn"}
  Ghasemi et al[@b36-ndt-12-2859]    10/8    18--75        25-item HDRS   NA            \>50% reduction     HDRS ≤7              No
  Sos et al[@b39-ndt-12-2859]        15/15   18--65        MADRS          NA            \>50% reduction     MADRS ≤10            No
  Hu et al[@b24-ndt-12-2859]         17/10   18--60        17-item HDRS   ≥24           \>50% reduction     MADRS ≤10            Yes[a](#tfn1-ndt-12-2859){ref-type="table-fn"}
  Singh et al[@b23-ndt-12-2859]      45/22   18--64        MADRS          NA            \>50% reduction     MADRS ≤10            Yes
  Hu et al[@b38-ndt-12-2859]         11/19   18--65        24-item HDRS   NA            \>50% reduction     HDRS ≤7              No

**Notes:**

Failure to respond to at least two adequate antidepressant trials.

Failure to respond to at least one adequate antidepressant trials.

**Abbreviations:** F, female; HDRS, Hamilton Depression Rating Scale; M, male; MADRS, Montgomery--Åsberg Depression Rating Scale; NA, not applicable; TR, treatment-resistant.

###### 

Characteristics of included controlled trials

  Study                              Country                      Pairs                         Randomized   Allocation   Assess   Baseline   Ketamine (mg/kg)
  ---------------------------------- ---------------------------- ----------------------------- ------------ ------------ -------- ---------- ------------------
  Zarate et al[@b35-ndt-12-2859]     US                           Ketamine vs saline solution   Yes          Blind        Blind    Match      0.5
  Murrough et al[@b34-ndt-12-2859]   US                           Ketamine vs midazolam         Yes          Blind        Blind    Match      0.5
  Berman et al[@b33-ndt-12-2859]     US                           Ketamine vs saline solution   Yes          Blind        Blind    Match      0.5
  Lapidus et al[@b37-ndt-12-2859]    US                           Ketamine vs saline solution   Yes          Blind        Blind    Match      0.5
  Ghasemi et al[@b36-ndt-12-2859]    US                           Ketamine vs ECT               Yes          Blind        Blind    Match      0.5
  Sos et al[@b39-ndt-12-2859]        Czech                        Ketamine vs saline solution   Yes          Blind        Blind    Match      0.54
  Hu et al[@b24-ndt-12-2859]         People's Republic of China   Ketamine vs saline solution   Yes          Blind        Blind    Match      0.5
  Singh et al[@b23-ndt-12-2859]      US                           Ketamine vs saline solution   Yes          Blind        Blind    Match      0.5
  Hu et al[@b38-ndt-12-2859]         People's Republic of China   Ketamine vs saline solution   Yes          Blind        Blind    Match      0.5

**Abbreviation:** ECT, electroconvulsive therapy.
